vine will not have the capacity to properly ripen the fruit (Lakso and Pool, 2000) . Also, anything that limits leaf function will affect vine physiology and productivity (Poni et al., 1994a) .
Another effect of water stress is that it can reduce leaf photosynthesis. This effect is mainly due to stomata closure, restricting transpirational losses during periods of high atmospheric demand. This strategy helps to increase water use eff iciency (WUE) but affects CO 2 uptake and reduces carbon assimilation (Lopes, 1999; Rodrigues et al., 2000) Due to the detrimental effects of water stress on grape, must and wine quality, the effect of moderate irrigation doses on a Monastrell (the second most common red grape cultivated in Spain) vineyard in S.E. Spain was studied, to assess the effect of two irrigation regimes, as compared with one non-irrigated treatment, on plant water status, gas exchange parameters, vegetative growth and production parameters.
Material and Methods
A Monastrell vineyard located within the Appellation of Origin Jumilla (Spain) was selected for the study (lat 38º 23'40'' N, long 1º 25'30'' W). Soils were 60 cm deep and the texture was determined as clayloam. The training system was a bilateral cordon trellised to a three-wire vertical system. The vineyard was planted in 1997 on 1103 Paulsen rootstock. Planting density was 2.5 m between rows and 1.25 m between plants. Six two-bud spurs were left at pruning time. The experiment was carried out in 2000 and 2001.
The average annual temperature of this area is 15.5-16°C, while frost occurs on 25-35 days per year. The maximum temperature exceeds 30°C on 90 days, average annual rainfall is 290 mm and evapotranspiration accounts for 830 mm (a water deficit of 540 mm). Climatic data are shown in Table 1 .
Two drip irrigation treatments (T1 and T2, water supply of 1,073 and 1,622 m 3 ha -1 year -1 , respectively) and a nonirrigated control (NI, no water was supplied) were imposed, starting on 15 April and ending on 31 October. Different irrigation programs were applied: from budburst to fruit set (April 15 th to June 15 th ), and from veraison to harvest (August 15 th to October 1 st ) vines were irrigated twice a week; from fruit set to veraison (June 15  th to August  15 th , vines were irrigated three times a week) ( Table 2) . There was one emitter per plant with a delivery rate per emitter of 4 L h -1 . The design was a randomised complete block design with four replications. Each elementary vineyard plot contained 165 vines (512 m 2 ). ET 0 was calculated from the mean values of the preceding 12 years following the method described by Pruitt (1986) using the data collected in the meteorological station located in the same vineyard. Vineyard evapotranspiration (Et vine ) was estimated using a varying crop coefficient (K c ) estimated for different conditions (Doorenbos and Pruitt, 1977; Grimes and Williams, 1990; Evans et al., 1993) . Crop coefficients were based on those proposed by Yañez et al. (1996) . To apply crop coeff icient (K c ) we divided the season into three periods. The crop coefficient and the irrigation data are presented in Table 2 . Leaf water potential was determined for fully exposed and expanded young leaves, which showed no visible signs of damage, using a portable pressure chamber (model Soil Moisture Equipment Corporation, CA, USA). Each leaf was covered with a plastic bag, immediately excised at the petiole and sealed into the humidified pressure chamber. Three leaves were sampled per plot (12 leaves per treatment).
Stomatal conductance (gs) and net CO 2 assimilation (A) were measured with a LCA4 (ACD Bioscientific, England) using exposed, fully expanded leaves from the mid-portion of shoots. Three leaves were sampled per plot (12 leaves per treatment) and measurements were done at 9:00 am.
The growth of shoots and node number was determined weekly selecting 8 shoots per treatment. Pruning weight was determined during the dormant season for 8 vines per treatment.
Leaf area per vine (12 measurements per treatment) was measured using the non-destructive method described by Dry (1997) , separating leaves from main shoots and lateral shoots and using a leaf area meter (LICOR LI-3000). Leaf area was estimated by developing a second-order polynomial equation, relating vein length to leaf area.
Grapes from vines for the different treatments were harvested at approximately 22°Brix, recording at the same time the number of clusters per vine, total crop weight, number of berries per cluster, cluster weight and berry weight.
Results

Plant water status (Ψ Ψ), gas exchange parameters at three different moments of the vegetative cycle
Predawn plant water potential (Ψpd) decreased during the season. Small differences in Ψpd were found on the first date (Table 3) Midday leaf water potential (Ψmd) was higher in irrigated vines than non irrigated vines (Table 4) , with The measurements of the gas exchange parameters were made at 9:00 am (7:00 am solar time), when the photosynthetic activity was found to be maximum. Large differences in the gas exchange parameters (A, g s and E) between irrigated and NI vines were found (Table 5), the lowest values corresponding to NI vines.
It must be remembered that the observed reductions in gas exchange parameters cannot be attributed to the age of the leaves because in each measurement, the last fully expanded leaf was chosen, so the reductions might have been caused by decreases in water potential or less favourable environmental conditions as the season advances.
Vegetative growth
The water deficit suffered by non irrigated vines inhibited the maximum shoot growth rate and maximum node production ( Fig. 1 and 2 ). The shoots of stressed vines grew less rapidly and ceased to grow earlier, while irrigation stimulated shoot growth. NI vines showed the shortest shoots. The longer shoots obtained in 2001 were probably due to the better plant status that year.
The number of nodes was significantly higher in irrigated vines but no differences were seen between the vines under irrigated treatments.
The differences in shoot length due to irrigation is reflected in total vine leaf area, measured in 2001 on two different dates (Table 6 ). In June, the leaf area of non irrigated vines was significantly lower than in the irrigated treatments. The area decreased at harvest being the leaf area of T2 vines twice that of non irrigated vines and significantly different from T1. The total leaf area of non irrigated vines in September was less than 1.3 m 2 per vine. Figure 3 shows the percentages of primary and lateral leaves. In June, primary leaves accounted for 67% total leaf area in T1, 72% in T2 and 75% in NI vines. T2 vines, with a leaf area of 2.86 m 2 per vine in primary shoots showed the most developed canopy whereas NI vines, with 1.92 m 2 per vine had the lowest.
Primary leaf area represented in September 73%, 56% and 55% in T1, T2 and NI respectively. The results showed differences in leaf distribution from June to September, the relevance of the axial leaves increasing in T2 and NI vines the last date.
Productive parameters
Average yield, cluster weight, clusters per shoot and berries per cluster are presented in Table 7 . Irrigation significantly increased yield, vines from the T2 treatment having significantly higher yield than those from the T1 treatment, while non-irrigated vines produced the lowest yield. However, since only moderate water doses were supplied, the yield was not very high, even in irrigated vines. T2 vines produced the greatest number of clusters per vine although the differences from the other irrigated treatment were not always statistically signif icant. The number of berries per cluster and berry weight was greatest in T2 vines and T2 cluster weight was double that of non-irrigated vines and significantly higher than cluster from T1 vines. Pruning weight (Fig. 4) was also reduced by water deficit. In 2000 the pruning weight of T2 vines doubled the pruning weight of NI vines and the difference was even higher in 2001. T1 vines showed intermediate values.
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Discussion
The predawn leaf water potential (Ψpd) measures plant water status at zero plant water flux and provides information of the root zone soil water potential, because predawn plant water status is considered to be in equilibrium with soil water status (Choné et al., 2001) . Hence, leaf water potential has been used as an indicator of plant water status, assuming that there is no osmotic regulation, although when water stress develops, vine leaves have the ability to accumulate solutes, decreasing the osmotic potential and allowing the plant to maintain a positive turgor as Ψ becomes more negative (Lopes, 1999) .
Previous studies have shown how predawn plant water potential (Ψpd) decreased during the growing season (Naor and Wample, 1994; Escalona et al., 1999) , especially from berry set to veraison, a time when a high vegetative expansion of vines is accompanied by berry growth (Escalona et al., 1997) . These studies agreed with our findings, while in other studies where vines were irrigated at 100%, ETc (crop evapotranspiration) showed Ψpd values fairly constant and around -0.4 MPa throughout the growing season (Schultz, 1996) .
A decrease in Ψmd was also found along the season, and this fact was even found in other experiments where soil water content was maintained close to field capacity, perhaps because transpiration exceeded the capacity of the root system to supply water to the transpiring leaves (Matthews et al., 1987) . Our results indicated that the vines receiving the highest irrigation treatments can reach values that suggest severe water stress at midday.
Water stress decreased photosynthetic activity as also found by other authors (Poni et al., 1994b; Araujo et al., 1999; Flexas et al., 1999) although it has been stated that, even in hard environmental conditions, vine leaves are capable of maintaining a certain degree of photosynthetic activity (Kliewer et al., 1983; Escalona et al., 1997) . Taking into account that photosynthesis decreases when Ψ reaches -0.5 Mpa and ceases around -1.2 MPa (Hardie and Considine, 1976) , the values we observed in predawn water potential in non-irrigated vines show that photosynthesis may be impaired in the hottest months.
The observed decrease in stomatal conductance during the studied period was very similar to that observed in net photosynthesis. There is general agreement that stomatal limitations account for most of the photosynthetic reduction observed in species well-adapted to drought, although it has also been reported that stomatal control of photosynthetic rate becomes progressively less effective as water stress intensifies . Stomata control is a major physiological factor in optimising the use of water (Giorio et al., 1999) . During periods of water stress, there is a reduction of gas exchange to prevent excessive water loss, which is why stomatal conductance was lower in non-irrigated vines and transpiration also decreased during the studied periods even when the evaporative demand increased as the season progressed, as we found in our studies. 
Vegetative growth
Our results showed that shoot elongation is very sensitive to water. Some authors have shown that if water is not restricted, shoots of 250 cm could be obtained (Kliewer et al., 1983; Matthews et al., 1987) , since irrigation increases the rate of shoot elongation during the phase of linear growth (Bravdo and Hepner, 1986) . Kliewer et al. (1983) stated that reduction in the rate of shoot growth in irrigated and non irrigated vines can be detected even before any significant differences in predawn leaf water potential occurs, suggesting that the shoot growth rate is a very sensitive indicator of water stress.
Water stress also reduced leaf formation, phenomena attributed to the lower activity of the terminal meristem, a smaller leaf size and the senescence of basal leaves (Kliewer et al., 1983) . Our results showed that the reduction from June to September accounted for a 53, 30 and 50% in T1, T2 and NI vines respectively,  showing that the decrease in T2 was the lowest.
Some studies have been made regarding the importance of principal and lateral leaves. Lateral shoots become net exporters of carbohydrates as soon as they have two fully expanded leaves. They provide assimilates to support their own growth and export the surplus to the main shoot, contributing to fruit ripening (Vasconcelos and Castagnoli, 2001) . The most efficient leaves during ripening are located at the top of the canopy and those arising from lateral shoots (Candolfi-Vasconcelos and Klobet, 1994) . In moderate vigour vineyards, lateral leaves improve fruit quality and are the most important contributors to both sugar accumulation in the fruit during ripening and to starch accumulation in the parent vine (Candolfi-Vasconcelos and Klobet, 1990) . In June, leaves on lateral shoots did not present significant differences between vines with values ranging between 0.69 and 1.24 m 2 per vine. Gómez del Campo et al. (2002) found that water stress produced a similar reduction in leaf area development in primary and lateral shoots, whereas Williams and Matthews (1990) stated that water stress reduced leaf area on lateral shoots to a greater extent than on primary shoots. Our findings did not agree with either of these statements since from June to September leaf area on the lateral shoots was only signif icantly reduced in T1 vines, whereas the decrease in NI vines was only 20% compared with a reduction of 65% in leaves in primary shoots and in T2 vines, the area in lateral shoots increased from June to September.
Productive parameters
It is accepted that one of the main results of irrigation is an increase in berry size and weight (Freeman and Kliewer, 1983; Matthews and Anderson, 1988 ; García-Escudero and Zaballa Ogueta, 1997), as we found in our results. Berry size may be important in determining the extraction and/or the dilution of the cell contents, which are clearly the primary site of several important solutes for winemaking.
The irrigated vines showed an evident increase in fertility. The negative effect of water stress on fertility, as expressed by fewer clusters per vine, fewer berries per cluster and a reduction in shoot growth, has been mentioned by other authors (Bravdo et al., 1984) and is coincident with our results.
If NI and T2 vines are compared, water stress caused an average reduction in vine productivity of 74% in 2000 and 65% in 2001, although the decrease of net photosynthesis on the last sampling date was 52% and 45% in 2000 and 2001 for the same vines. Therefore, the reduction in vine productivity caused by water stress was due not only to lower net photosynthesis but also to other physiological changes in the vine such as perhaps the sensitivity of leaf area formation.
To characterise the supply/demand relationship of assimilates in the vine we can use the leaf area/fruit weight ratio (Bravdo and Hepner, 1986) . Previous studies have reported that the amount of exposed leaf area to properly mature 1 g of fruit mass may vary from 7 to 17 cm 2 g -1 (Poni et al., 1994a) . We found a ratio of 10.5 in T1 and T2 treatments and 14.5 in NI vines, suggesting that in non irrigated vines production was low and uneconomic. Another index that can be used to determine the equilibrium of the vegetative/reproductive growth is the Ravaz index. Jackson and Lombard (1993) stated that a value in the Ravaz index (kg of berries kg -1 of pruning weight) of between 4-8 reflects a high soluble solids content in the berries and a high polyphenol content. A value lower than 5 or higher than 10 can cause the opposite effect. T1 and T2 treatments showed values within this range. NI vines in 2001 did not reach the minimum value of 4.
As conclusions, this study has shown that in our climatic conditions non-irrigated vines suffer an important water deficit, as reflected by low predawn and midday water potentials. These low potentials, together with a significant stomatal closure to reduce water losses resulted in low values of net photosynthesis, with significant differences with irrigated treatments.
The water stress suffered by non-irrigated vines also affected leaf area, resulting in a very small canopy and very small pruning weight. Productivity was also affected. Non-irrigated vines showed the largest imbalance between productivity and vegetative growth. The results showed the importance that a moderate irrigation can have on Monastrell vines, ensuring a correct canopy development and a larger productivity. T2 vines showed the best vegetative and productive results without an excessive increase in berry size, a determining factor in wine quality grapes.
